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Introduction {#sec1}
============

A novel concept of aggregation-induced electrochemiluminescence (AIECL) was officially proposed by De Cola\'s team in 2017, which indicated aggregation-induced emission (AIE) was also present in ECL system and achieved significant ECL signal amplification from platinum (II) complex ([@bib1]). In this system, the changed HOMO and LUMO energies by self-assembly led to the generation of the ECL excited state. This discovery has opened up a new field of ECL research and enkindled research enthusiasm for seeking luminescent molecules with AIECL properties. Recently, iridium-based redox polymers have been reported with unusually intense luminescence under the aggregate state, which were significantly greater than the analogous ruthenium-based materials ([@bib2], [@bib7]). Our group first reported that the carborane structure could enhance the ECL signal of carbazole molecule and established the relation between AIE organic structures and ECL properties ([@bib39], [@bib40]). So far, research on AIECL is still in its infancy, focusing on the discovery of new molecules with AIECL properties ([@bib9], [@bib39], [@bib40], [@bib14], [@bib15]). It is urgent to develop the ultra-efficient biocompatible AIECL luminophores with strong potential for biological applications ([@bib36], [@bib37], [@bib44]).

Polyfluorene is a promising semiconductor *π-*conjugated polymer with high photoluminescence (PL) efficiency and good chemical stability ([@bib31], [@bib17], [@bib27]). Meanwhile the effective overlap of *π* orbitals of fluorene provides electronic coupling to promote electron and hole transfer ([@bib16], [@bib29], [@bib38]), indicating that it is also a potential ECL emitter with the high efficiency. The electrochemistry and ECL properties of polyfluorene and its derivatives in organic solution have been reported in previous studies, and further works have been made to prepare aqueous phase dispersed polyfluorene nanoparticles (PNs) ([@bib41], [@bib12], [@bib3]). However, to our knowledge, the ECL efficiencies of all PNs reported were much lower than ruthenium and iridium complexes, mainly due to the aggregation quenching caused by the *π-π* stacking interactions of molecules ([@bib26], [@bib33], [@bib34]), which seriously limited the wide application of PNs in aqueous phase ECL systems ([@bib8], [@bib4]).

Here, we synthesized the polyfluorene derivative by copolymerization of fluorene with tetraphenylethylene (TPE), and the prepared copolymer nanoparticles exhibited strong aggregation-induced ECL in aqueous solution. The introduction of TPE suppressed the intermolecular interactions and limited the intramolecular free rotation of phenyl rings ([@bib45], [@bib46]), which solved the problem of aggregation quenching and provided much higher ECL efficiency than that of Ru(bpy)~3~^2+^. More crucially, the novel PNs could stably generate high-strength ECL signals at both positive and negative potentials with proper co-reactants. And the mechanism of luminescence was explained by transient ECL test. The new idea of improving ECL efficiency by linking organic molecules with special unit (TPE) has been proposed for the first time, and its universality could be used to improve the ECL efficiency of organic nanoparticles.

Results and Discussion {#sec2}
======================

Synthesis {#sec2.1}
---------

[Scheme 1](#sch1){ref-type="fig"} showed the structure of polyfluorene derivative containing TPE (P~2~) and its control molecule, P~1~. The synthesis routes were detailed in [Scheme S1](#mmc1){ref-type="supplementary-material"}, and the NMR characterization of all molecules and corresponding monomers were given in [Figures S1--S6](#mmc1){ref-type="supplementary-material"}. Briefly, the compounds were synthesized through Suzuki coupling polymerization using Pd as the catalyst. The yields for P~1~ and P~2~ were 75% and 60%, respectively. The terminal carboxyl groups provide sites for the future bio-orthogonal binding. Furthermore, the corresponding organic nanoparticles PNs-1 and PNs-2 were prepared in aqueous solution using the reprecipitation method ([@bib6], [@bib33], [@bib34]).Scheme 1Chemical Structures of Researched Molecule P~2~ and Control Molecule P~1~See also [Scheme S1](#mmc1){ref-type="supplementary-material"} and [Figures S1--S6](#mmc1){ref-type="supplementary-material"}.

Spectroscopic Characterization of Polymers and PNs {#sec2.2}
--------------------------------------------------

The optical properties of P~1~, P~2~, and the corresponding organic nanoparticles were systematically characterized and shown in [Figures 1](#fig1){ref-type="fig"}A and 1B. For UV−vis absorption spectra, the absorption peaks at 376 and 362 nm belonging to P~1~ and P~2~, respectively, which could be attributed to *π−π*∗ transition of the entire conjugated skeleton. The PL spectra of P~1~ showed the emission maxima at 414 nm, whereas the PL spectra of P~2~ showed the emission peak at 429 nm and a shoulder at 455 nm. For the optical properties of PNs-1 and PNs-2, it was noteworthy that the Stokes shift increasing from 4,314.3 cm^−1^ (P~2~) to 7,090.4 cm^−1^ (PNs-2), but it barely showed obvious change between those of P~1~ and PNs-1. The larger Stokes shift could be ascribed to the conformational change ([@bib26]). In addition, the PL lifetime of PNs-2 was longer than that of P~2~ ([Figure S7](#mmc1){ref-type="supplementary-material"}). Details of all the optical properties were shown in [Table 1](#tbl1){ref-type="table"}.Figure 1The Spectroscopic and Orphological Characterizations of the Polymers and PNs(A) Absorbance (dashed curve) and PL spectra (solid curve) of P~1~ (red) and P~2~ (green) in a solution of MeCN:benzene = 1:1. λ~exc~ = 350 nm.(B) Absorbance (dashed curve) and PL spectra (solid curve) of PNs-1 (blue) and PNs-2 (red) in aqueous solution. λ~exc~ = 350 nm.(C) AIE effect of P~2~. Plots of *I/I*~0~ vs water fractions in THF/water mixtures (10 μM), where *I*~0~ and *I* are the PL intensities in pure THF and THF/water mixtures, respectively. Inset: Photographs of P~2~ in THF/water mixtures (0, 90%) taken under 365 nm UV lamp.(D) High-resolution TEM image of 9 nm PNs-2. Scale bar, 10 nm. Data are represented as mean ± TEM.See also [Figures S7--S12](#mmc1){ref-type="supplementary-material"}.Table 1Photophysical Properties of P~1~ and P~2~ in Organic Solvent and PNs-1 and PNs-2 in Aqueous Solutionλ~abs~ (nm)λ~PL~ (nm)[a](#tblfn1){ref-type="table-fn"}Stoke\'s Shifts Δλ~st~ (cm^−1^)Absolute QY~PL~[b](#tblfn2){ref-type="table-fn"} (%)τ~PL~ (ns)P~1~376414, 434(sh)2441.281.80.92P~2~362407, 429, 455(sh)4314.33.51.08PNs-1384425, 450(sh), 4812512.321.20.81PNs-23624877090.4451.84[^3][^4]

AIE Effect {#sec2.3}
----------

The difference of fluorescence performance exhibited by P~1~ and P~2~ in aggregate state was examined. The PL spectra of P~1~ and P~2~ in tetrahydrofuran (THF)/water mixtures with different water fractions were shown in [Figure S8](#mmc1){ref-type="supplementary-material"}. With increase water fraction, the PL intensity of P~2~ increased remarkably ([Figure 1](#fig1){ref-type="fig"}C). *I*~0~ and *I* are the PL intensities of P~2~ dissolved in pure THF and THF/water mixtures, respectively. It was worth noting that when the water faction was 90%, the PL intensity of P~2~ was 23.2 times that of pure organic phase, indicating an AIE property ([@bib11], [@bib13], [@bib19]). On the contrary, P~1~ showed aggregation caused quenching (ACQ) effect ([Figure S9](#mmc1){ref-type="supplementary-material"}). The absolute fluorescence quantum efficiencies (QY~PL~) also proved the ACQ and AIE properties of P~1~ and P~2~ ([Figure S10](#mmc1){ref-type="supplementary-material"} and [Table 1](#tbl1){ref-type="table"}). It means that in aggregate state, *π-π* stacking interactions of polyfluorene molecule normally cause ACQ. However, TPE unit could prevent this from happening. In addition, intramolecular rotation is restricted in aggregate state, which blocks the nonradiative pathway and enhances the radiative decay ([@bib45], [@bib46]). [Figures S11](#mmc1){ref-type="supplementary-material"}A and [1](#fig1){ref-type="fig"}D showed the HRTEM images of PNs-1 and PNs-2. The morphologies of both PNs are similar with the average diameter of about 9 nm. The dynamic light scattering (DLS) in [Figure S12](#mmc1){ref-type="supplementary-material"} revealed the similar hydrodynamic diameter of PNs-1 (10.13 nm) and PNs-2 (10.82 nm). And PNs-2 is negatively charged with the zeta potential of −33.1 mV, which is attributed to the carboxyl functional group.

Electrochemistry {#sec2.4}
----------------

The electrochemical and ECL performances of P~1~, P~2~, and corresponding organic nanoparticles were investigated. [Figure 2](#fig2){ref-type="fig"}A displayed the cyclic voltammograms (CVs) of P~1~ and P~2~ in acetonitrile and benzene-mixed solution containing 0.1 M TBAPF~6~ as the supporting electrolyte. At the scan rate of 0.1 V/s, both P~1~ and P~2~ showed a pair of well-defined quasi-reversible redox waves, with the similar formal potentials at +1.25 V and +1.27 V vs. SCE, respectively, which could be ascribed to the P/P^+^ redox reactions. Upon scanning toward the negative direction, CVs showed irreversible reduction peaks at −2.36 V (P~1~) and −2.38 V (P~2~) vs. SCE, which belong to the reduction of fluorene and suggested that the anionic radicals were less stable than the cationic radicals ([@bib28]).Figure 2The Electrochemical and ECL Performances of the Polymers and PNs(A) CVs of 0.5 mM P~1~ and P~2~ in Bz:MeCN (v:v = 1:1) containing 0.1 M TBAPF~6~ as the supporting electrolyte with scan rate of 0.1 V/s.(B) ECL intensity-potential profiles of 20 μM P~1~ and P~2~ in THF containing 0.1 M TBAPF~6~ as supporting electrolyte, upon addition of 75 mM TPrA as co-reactant.(C) ECL intensity-potential profiles of 20 μM PNs-1 and PNs-2 in water containing 0.1 M LiClO~4~ as the supporting electrolyte, upon addition of 75 mM TPrA as co-reactant.(D) ECL intensity-time curves of 20 μM PNs-2 and Ru(bpy)~3~^2+^ in water containing 0.1 M LiClO~4~ as the supporting electrolyte with 75 mM TPrA as the co-reactant. PMT = 500 V.See also [Figures S13](#mmc1){ref-type="supplementary-material"} and [S14](#mmc1){ref-type="supplementary-material"}.

AIECL Effect {#sec2.5}
------------

In order to verify the AIECL effect of polyfluorene derivative containing TPE, we measured ECL intensity of P~1~ and P~2~ dissolved in organic solvent and the corresponding PNs dispersed in aqueous solution, using tri-n-propylamine (TPrA) as the co-reactant. As shown in [Figure 2](#fig2){ref-type="fig"}B, ECL intensities of P~1~ and P~2~ were extremely low, whereas the ECL intensity of P~1~ was slightly higher than P~2~. We examined the ECL intensities of P~1~ and P~2~ under the different water fractions. As shown in [Figure S13](#mmc1){ref-type="supplementary-material"}, the ECL intensity of P~2~ increased dramatically along with the increased water fraction, which was significantly different from that of P~1~. After they were prepared into PNs, the ECL intensity of PNs-2 increased dramatically, which was 24 times that of PNs-1, as shown in [Figure 2](#fig2){ref-type="fig"}C. Moreover, the ECL intensity of PNs-2 was 4,000 times that of P~2~ dissolved in organic solvent. The highly efficient ECL was attributed to the limitation of intramolecular rotation and *π-π* stacking interactions caused by TPE unit ([@bib14], [@bib15], [@bib22], [@bib23]). Therefore, the most commonly used Ru(bpy)~3~^2+^/TPrA system was selected as the standard for evaluating ECL performance of PNs-2 in aqueous solution. The ECL intensity-time curves for the same concentration of Ru(bpy)~3~^2+^ and PNs-2 were shown in [Figure 2](#fig2){ref-type="fig"}D. The ECL intensity of PNs-2 was slightly lower but quite stable compared with Ru(bpy)~3~^2+^ under the condition of 75 mM TPrA as a co-reactant. The effect of TPrA concentration was also investigated and shown in [Figure S14](#mmc1){ref-type="supplementary-material"}. It is worth noting that when the concentration of TPrA decreased below 50 mM, the ECL intensity of PNs-2 began to exceed Ru(bpy)~3~^2+^. And the spectral response of the PMT should be considered when the relative ECL efficiency of PNs-2 compared with Ru(bpy)~3~^2+^ was calculated. The cathode radiant sensitivity and quantum efficiency vs. wavelength of the PMT applied in this work were shown in [Figure S15](#mmc1){ref-type="supplementary-material"}. At the maximum emission wavelengths of PNs-2 (λ~max~ = 481 nm) and Ru(bpy)~3~^2+^ (λ~max~ = 620 nm), the quantum efficiencies of the PMT are very close. Therefore, the ECL intensities of PNs-2 and Ru(bpy)~3~^2+^ were not further corrected. This result indicates that PNs-2 dispersed in aqueous solution is definitely a potential high-quality ECL luminophore. Moreover, it also proves that it is quite an effective method to link organic molecules with TPE unit to improve the ECL intensity of organic nanoparticles.

Annihilation ECL {#sec2.6}
----------------

In order to clarify the ECL generation mechanism of PNs-2, the particles were modified on the surface of glassy carbon electrode (GCE) and first performed annihilation ECL experiment without co-reactant ([@bib42]). As shown in [Figure 3](#fig3){ref-type="fig"}A, when the applied electrode potential was cyclically scanned between +1.4 V and −2.5 V vs. Ag/AgCl, PNs-2 could produce annihilation ECL signals at both positive and negative potentials of +1.25 V and −2.3 V, respectively. Further, the annihilation ECL signal intensity at −2.3 V was significantly higher than that at +1.25 V. And the transient ECL profile was captured using homemade setup by stepping the potential from −2.5 V to +1.4 V vs. Ag/AgCl with the pulse width of 10 ms. As shown in [Figure S16](#mmc1){ref-type="supplementary-material"}, the ECL signal was not obtained when the potential turned from −2.5 V to +1.4 V but showed on the reversal step. In the classic self-annihilation pathway, the excited state PNs-2∗ was produced by PNs-2^+^ and PNs-2^−^ generated at oxidation and reduction potentials, respectively ([@bib30], [@bib24]). Therefore, one conclusion could be drawn that the PNs-2^−^ obtained by the reduction step was quite unstable and might decompose slowly ([@bib28]), which become unavailable to maintain the anodic ECL signal. On the other hand, it could be determined that PNs-2^+^ was relatively stable. And it was a reasonable explaination for the much higher ECL intensity at −2.3 V than that at +1.25 V. [Figures S11](#mmc1){ref-type="supplementary-material"}B and [3](#fig3){ref-type="fig"}B revealed the ECL spectra of PNs-1 and PNs-2 obtained by the annihilation routes. The ECL peaks centered at 427 nm (PNs-1) and 481 nm (PNs-2), respectively, which were similar to those of the fluorescence spectra, indicating that the excited state of PNs were caused by bandgap transition ([@bib20]).Figure 3The Annihilation and Co-reactant Route ECL Test of PNs-2(A) Annihilation ECL intensity-potential curve of PNs-2 modified on GCE surface in water with 0.1 M LiClO~4~ as supporting electrolyte. Scan rate = 0.10 V s^−1^. PMT = 500 V.(B--F) (B) Normalized ECL spectrum of PNs-2 generated through annihilation route by pulsing potential from approximately 100 mV past the peak potentials. CV and ECL intensity-potential profiles of (a) bare GCE and (b) PNs-2 modified GCE in 0.10 M PBS containing (C) 75 mM TPrA and (D) 100 mM K~2~S~2~O~8~ as the co-reactant. PMT = 200 V. Inset: ECL photographs of PNs-2 fixed on GCE surface. Transient profiles of current (blue), ECL (red), and applied voltage (black) of PNs-2 modified GCE in 0.10 M PBS containing (E) 75 mM TPrA and (F) 100 mM K~2~S~2~O~8~ as co-reactant. The pulse width was 10 ms. PMT = 900 V (E) and 600 V (F).See also [Figures S15--19](#mmc1){ref-type="supplementary-material"}.

Co-reactant ECL {#sec2.7}
---------------

Relative to the annihilation reaction, PNs-2 could produce stronger ECL signals in the presence of co-reactants. The ECL generation mechanisms of PNs-2 with TPrA and K~2~S~2~O~8~ as the co-reactants at oxidative and reductive potentials were researched in detail. As shown in [Figure 3](#fig3){ref-type="fig"}C, both bare GCE and PNs-2 modified GCE had an irreversible oxidation peak at +0.80 V vs. Ag/AgCl, which was attributed to the oxidation of TPrA to produce TPrA^⋅+^ and then underwent a rapid deprotonation process to form TPrA^⋅^ ([@bib25], [@bib32]). As the potential scan increased, another new oxidation peak appeared at +1.29 V, which belonged to the oxidation of PNs-2 to produce PNs-2^+^. Meanwhile, strong ECL emission peaked at the same electrode potential. This meant that excited state PNs-2^∗^ was generated from the reaction between PNs-2^+^ and TPrA^⋅^. Then the excited state relaxed back to ground state with light radiation. [Equations 1](#fd1){ref-type="disp-formula"}, [2](#fd2){ref-type="disp-formula"}, [3](#fd3){ref-type="disp-formula"}, [4](#fd4){ref-type="disp-formula"}, and [5](#fd5){ref-type="disp-formula"} described the reaction routes using TPrA as the co-reactant.

The ECL photograph of PNs-2 modified GCE was taken by camera (inset of [Figure 3](#fig3){ref-type="fig"}C). The strong cyan anode ECL emission could even be observed directly with the naked eyes. More importantly, it was easily distinguishable with Ru(bpy)~3~^2+^ by wavelength and could be used in combination in cell imaging and immunoassays ([@bib18]). The transient oxidative-process-initiated ECL signal was captured by stepping the potential from 0 V to +1.4 V vs. Ag/AgCl with the pulse width of 10 ms ([Figure 3](#fig3){ref-type="fig"}E). The first and last 10 ms data provided a baseline, as the applied voltage was zero and no electrode reaction occurred. Approximately equal ECL signals were observed at each pulse period, indicating that PNs-2 could stably emit over this timescale. The transient ECL signal was obtained immediately when the potential was stepped to +1.4 V, indicating the rapid homogeneous electron transfers rates among the radical ions ([@bib25]). Obviously, as PNs-2 was immobilized on GCE surface, the AIECL effect in solid state greatly enhanced. And the ECL intensity of PNs-2 was 4.5 times that of Ru(bpy)~3~^2+^ modified electrode at the same concentration ([Figure S17](#mmc1){ref-type="supplementary-material"}B). Furthermore, the ECL efficiencies were calculated and compared with those of Ru(bpy)~3~^2+^ modified electrode with different concentrations of TPrA ([@bib10]); the corresponding results were shown in [Table S1](#mmc1){ref-type="supplementary-material"}. It is worth noting that the high relative ECL efficiency of PNs-2 was 163% with 75 mM TPrA. When the concentration of TPrA was reduced to 25 mM, its ECL efficiency was almost three times that of Ru(bpy)~3~^2+^. Hence, it could be confirmed that PNs-2 with outstanding ECL efficiency in the positive region has the potential to replace Ru(bpy)~3~^2+^ as the best anodic ECL material in aqueous media.

In addition, PNs-2 could also react with K~2~S~2~O~8~ to produce a stronger cathodic ECL signal, which deserved our attention. As shown in [Figure 3](#fig3){ref-type="fig"}D, the reduction peak of bare GCE at −0.95 V vs. Ag/AgCl was attributed to the reduction of K~2~S~2~O~8~ to generate strong oxidant intermediate SO~4~^-⋅^ ([@bib21]). On PNs-2 modified GCE, it was slightly moved to −1.2 V and the reduction current in CV curve became larger. This phenomenon was caused by the reaction between immediately generated strong oxidant intermediate SO4^⋅^ and PNs-2 to produce positively charged PNs-2^+^. Another new reduction peak appeared at −2.3 V belonged to the reduction of PNs-2 to produce PNs-2^−^. Meanwhile, the strong cathodic ECL emission peaked at the same potential. There are two possible generation mechanisms of the cathodic ECL. First, SO~4~^-⋅^ may directly react with PNs-2^−^ to produce the excite state of PNs-2^∗^ ([@bib5], [@bib43]). Second, SO~4~^-⋅^ could firstly oxidize PNs-2 to produce PNs-2^+^, and then the excited state PNs-2∗ was produced by the annihilation reaction between PNs-2^+^ and PNs-2^−^ ([@bib35]). To figure out the real ECL generation mechanism, transient reductive-process-initiated ECL profile was captured by stepping the potential from 0 V to −2.5 V vs. Ag/Agcl with the pulse width of 10 ms. Similarly, the first and last 10 ms data provided the baseline, as no electrode reaction occurred. As shown in [Figure 3](#fig3){ref-type="fig"}F, almost no significant ECL signal was observed when the potential was turned to −2.5 V at the first step. Interestingly, the transient ECL intensity continuously increased during the following steps. As previously mentioned, PNs-2^+^ was a quite stable species, but PNs-2^−^ was clearly not. Considering the fact that the transient ECL signal raised continuously rather than gradually decreased during the cycles, it could be confirmed that the ECL generation mechanism followed the second route. And [Equations 6](#fd6){ref-type="disp-formula"}, [7](#fd7){ref-type="disp-formula"}, [8](#fd8){ref-type="disp-formula"}, [9](#fd9){ref-type="disp-formula"}, and [10](#fd10){ref-type="disp-formula"} described the reaction route between PNs-2 and K~2~S~2~O~8~.

This is because the cationic radicals generated in each cycle were sufficiently stable to accumulate and resulted in increasing the ECL signal intensity. On the other hand, if the ECL mechanism followed the first route, there would not be continuously enhanced responses. More critically, the reductive initiated ECL signal of PNs-2 was significantly stronger than that of the oxidative progress. It was approximately 6.5 times higher under the optimal experiment conditions ([Figure S18](#mmc1){ref-type="supplementary-material"}). As shown in the inset of [Figure 3](#fig3){ref-type="fig"}D, the cathode ECL emission was also bright cyan. As far as we know, this is the first report of water-soluble nanoparticles modified on GCE surface with ultra-high ECL intensity and efficiency at both positive and negative potentials and showed excellent stability ([Figure S19](#mmc1){ref-type="supplementary-material"}).

Conclusion {#sec2.8}
----------

In summary, we successfully synthesized tetraphenylethylene-containing polyfluorene nanoparticles, which exhibited strong AIECL in aqueous solution. The TPE units limit the stacking interactions of molecules, thus enhancing the ECL signal of nanoparticles. And this TPE copolymerization method perfectly solved the problem of easy quenched and low ECL efficiency of the organic nanoparticles under the aqueous condition. With the suitable co-reactants (TPrA and S~2~O~8~^2−^), the copolymer nanoparticles showed visualized ECL emission at both positive and negative potentials. The ECL efficiency is far more than traditional Ru(bpy)~3~^2+^ and showed excellent stability. The transient oxidative and reductive initiated ECL profiles were recorded to clarify the mechanism of ECL reactions. This work provides a reference for molecular design of subsequent aqueous-phase ECL emitters and shows promising potential in the development of luminescent device and research of bioanalysis.

Limitations of the Study {#sec2.9}
------------------------

Since the AIECL effect depends on the preparation process of the nanoparticles, if the experimental steps given by us are not strictly followed, the nanoparticles with significant enhancement effect will not be obtained.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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